The molybdenum cofactor (Moco) is essential for all kingdoms of life, plays central roles in various biological processes, and must be biosynthesized de novo. During Moco biosynthesis, the characteristic pyranopterin ring is constructed by a complex rearrangement of guanosine 5′-triphosphate (GTP) into cyclic pyranopterin (cPMP) through the action of two enzymes, MoaA and MoaC (molybdenum cofactor biosynthesis protein A and C, respectively). Conventionally, MoaA was considered to catalyze the majority of this transformation, with MoaC playing little or no role in the pyranopterin formation. Recently, this view was challenged by the isolation of 3′,8-cyclo-7,8-dihydro-guanosine 5′-triphosphate (3′,8-cH 2 GTP) as the product of in vitro MoaA reactions. To elucidate the mechanism of formation of Moco pyranopterin backbone, we performed biochemical characterization of 3′,8-cH 2 GTP and functional and X-ray crystallographic characterizations of MoaC. These studies revealed that 3′,8-cH 2 GTP is the only product of MoaA that can be converted to cPMP by MoaC. Our structural studies captured the specific binding of 3′,8-cH 2 GTP in the active site of MoaC. These observations provided strong evidence that the physiological function of MoaA is the conversion of GTP to 3′,8-cH 2 GTP (GTP 3′,8-cyclase), and that of MoaC is to catalyze the rearrangement of 3′,8-cH 2 GTP into cPMP (cPMP synthase). Furthermore, our structure-guided studies suggest that MoaC catalysis involves the dynamic motions of enzyme active-site loops as a way to control the timing of interaction between the reaction intermediates and catalytically essential amino acid residues. Thus, these results reveal the previously unidentified mechanism behind Moco biosynthesis and provide mechanistic and structural insights into how enzymes catalyze complex rearrangement reactions. molybdenum cofactor | pterin biosynthesis | radical SAM enzyme | enzymatic rearrangement | cPMP synthase
The molybdenum cofactor (Moco) is essential for all kingdoms of life, plays central roles in various biological processes, and must be biosynthesized de novo. During Moco biosynthesis, the characteristic pyranopterin ring is constructed by a complex rearrangement of guanosine 5′-triphosphate (GTP) into cyclic pyranopterin (cPMP) through the action of two enzymes, MoaA and MoaC (molybdenum cofactor biosynthesis protein A and C, respectively). Conventionally, MoaA was considered to catalyze the majority of this transformation, with MoaC playing little or no role in the pyranopterin formation. Recently, this view was challenged by the isolation of 3′,8-cyclo-7,8-dihydro-guanosine 5′-triphosphate (3′,8-cH 2 GTP) as the product of in vitro MoaA reactions. To elucidate the mechanism of formation of Moco pyranopterin backbone, we performed biochemical characterization of 3′,8-cH 2 GTP and functional and X-ray crystallographic characterizations of MoaC. These studies revealed that 3′,8-cH 2 GTP is the only product of MoaA that can be converted to cPMP by MoaC. Our structural studies captured the specific binding of 3′,8-cH 2 GTP in the active site of MoaC. These observations provided strong evidence that the physiological function of MoaA is the conversion of GTP to 3′,8-cH 2 GTP (GTP 3′, 8-cyclase) , and that of MoaC is to catalyze the rearrangement of 3′,8-cH 2 GTP into cPMP (cPMP synthase). Furthermore, our structure-guided studies suggest that MoaC catalysis involves the dynamic motions of enzyme active-site loops as a way to control the timing of interaction between the reaction intermediates and catalytically essential amino acid residues. Thus, these results reveal the previously unidentified mechanism behind Moco biosynthesis and provide mechanistic and structural insights into how enzymes catalyze complex rearrangement reactions. molybdenum cofactor | pterin biosynthesis | radical SAM enzyme | enzymatic rearrangement | cPMP synthase M oco is an essential enzyme cofactor that mediates redox reactions in the active sites of enzymes. Moco-dependent enzymes play central roles in purine and sulfur catabolism in mammals, anaerobic respiration in bacteria, and nitrate assimilation in plants (1, 2) . Importantly, Moco must be synthesized de novo in cells because it is chemically unstable, particularly under aerobic conditions, and cannot be taken up as a nutrient (1, 2) .
During Moco biosynthesis, the characteristic pyranopterin ring is constructed by a complex rearrangement of GTP into cPMP (3). This unusual transformation involves the insertion of the guanine C-8 between C-2′ and C-3′ of ribose (Fig. 1A) (4) . Although this conversion has been shown to require two proteins, MoaA and MoaC (molybdenum cofactor biosynthesis protein A and C, respectively) (4-6), their individual contributions have remained elusive and are the subject of the current study. MoaA belongs to the radical S-adenosyl-L-methionine (SAM) superfamily, of which members catalyze unique free-radical reactions (7) . By contrast, MoaC shows no significant sequence or structural similarities to any functionally characterized enzyme. Therefore, the predominant view of the field has been that MoaA catalyzes the majority or all of the rearrangement of GTP to form the pterin structure, with MoaC playing little to no catalytic role in this process (2) . In line with this view, studies identifying a putative MoaA product after chemical derivatization suggested that MoaA catalyzed the transformation of GTP to pyranopterin triphosphate (Fig. 1B) (8, 9) . This conventional view was challenged by a recent in vitro characterization of MoaA, where formation of 3′,8-cyclic-7,8-dihydro-GTP (3′,8-cH 2 GTP; Fig. 1B ) rather than pyranopterin triphosphate was proposed (10) . This finding suggested the possibility of a novel mechanism in which MoaC, and not MoaA, may ultimately be responsible for pyranopterin ring formation. However, it was also proposed that 3′,8-cH 2 GTP could simply be a transient intermediate of MoaA (8, 9) , leaving ambiguity about the functions of MoaA and MoaC.
Most of these previous studies have focused on the characterization of MoaA; the contribution of MoaC has been largely unexplored. Here, we report a comprehensive functional and structural study that clarifies these issues and provides strong evidence that MoaC is the enzyme responsible for pyranopterin backbone formation and that MoaA provides 3′,8-cH 2 GTP as the MoaC substrate. Further structural and functional studies revealed that MoaC catalyzes the complex rearrangement of 3′,8-cH 2 GTP into cPMP via a unique mechanism involving dynamic conformational changes of substrate and enzyme.
Results
Characterization of MoaA Product. To clarify the roles of MoaA and MoaC in pyranopterin ring formation, we first determined the product of MoaA. The difficulty in identifying the MoaA product is associated with its limited chemical stability under
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aerobic conditions (t 1/2 ∼ 80 min) (10) . As a result, previous studies relied on derivatization of possible MoaA products to more chemically stable forms (8) . To detect the authentic and nonderivatized MoaA product, we performed in situ 13 C NMR studies that followed the MoaA reaction by using uniformly 13 C-labeled GTP as a substrate in an anaerobically sealed NMR tube. This method allowed the unbiased detection of all possible MoaA product(s) derived from GTP without any treatment that could potentially alter the chemical structure of any unstable MoaA product(s). The observed NMR spectrum for the MoaA reaction (Fig. 1C, Bottom) 2 GTP amounts were measured or the resulting products were incubated with MoaC, and the amount of cPMP generated was quantified. At all time points, the quantity of 3′,8-cH 2 GTP, as determined by its conversion to the fluorescent derivative, coincided with the quantity of cPMP detected upon incubation of the MoaA product with MoaC (Fig. 1D ). These results indicate that 3′,8-cH 2 GTP is likely the physiologically relevant product of MoaA and that it is used as a substrate by MoaC, which then generates cPMP.
A previous study suggested a different compound, pyranopterin triphosphate, as a possible product of MoaA. This proposal was based on the generation of a derivatized molecule with fluorescent properties analogous to oxidized pterins (8) . In our assay, we also observed the formation of a molecule with such properties (Fig. S1 ). However, we found that its estimated amount was 0.4-3% that of 3′,8-cH 2 GTP, consistent with the absence of corresponding signals in our in situ 13 C NMR studies. Importantly, the amount of this fluorescent molecule was not affected by its incubation with MoaC (Fig. S1B) , suggesting that it is likely an offpathway compound formed under in vitro assay conditions. Thus, these combined data indicate that 3′,8-cH 2 GTP is the only product of MoaA relevant to Moco biosynthesis.
Identification of MoaC Active-Site Amino Acid Residues. Because MoaC shows no significant sequence similarity to any previously characterized enzyme, the mechanism by which it catalyzes the conversion of 3′,8-cH 2 GTP to cPMP is unclear. Thus, to obtain functional and mechanistic insight into this process, we next sought to identify residues that when substituted, affected MoaC catalytic activity. Because we hypothesized that MoaC likely uses general acid/base catalysis, we performed Ala scanning on 19 acidic and basic residues that are strictly conserved among MoaC homologs from all kingdoms of life (Fig. S2) . The resulting variants of Escherichia coli MoaC were expressed, purified to >90% homogeneity, and assayed for activity by three methods. In the first method, the activities of the MoaC variants were tested by using a previously established coupled assay with MoaA, where the conversion of GTP into cPMP was monitored (6, 9, 10) . Using this assay, six MoaC variants were found to exhibit less than 1% activity of the WT protein (Fig. 1E) . In the second assay, steady-state kinetic parameters were determined for WT and variants of MoaC in the absence of MoaA by using purified 3′,8-cH 2 GTP as a substrate (>95% purity based on 1 H NMR). These analyses revealed that WT-MoaC catalyzes the conversion of 3′,8-cH 2 GTP to cPMP with high specificity (Fig.  1F and Fig. S3 ), consistent with our hypothesis that 3′,8-cH 2 GTP is the physiological substrate of MoaC. The six MoaC variants that showed low-level activities in the coupled assay were found to exhibit diminished activity in this study as well (<0.1% k cat /K m of WT MoaC). Three of these variants (H77A-, E112A-, and E114A-MoaC) exhibited 8-to 20-fold increases in K m .
In the third assay, the in vivo activity of MoaC variants were examined by the functional complementation of a Mocodeficient E. coli strain lacking the WT moaC gene (E. coli ΔmoaC). The E. coli ΔmoaC strain does not express functional nitrate reductase (NR) because NR requires Moco as a cofactor. Hence, the E. coli ΔmoaC strain exhibits significant growth defects under conditions of anaerobic nitrate respiration (12, 13) . Genetic complementation of this strain with WT-MoaC rescued Moco biosynthesis, as assessed by NR activity and bacterial growth under conditions of anaerobic nitrate respiration (Fig. 1G and Fig. S4 ). By contrast, complementation with variants of moaC genes resulted in poor growth under the same conditions and very low or no detectable NR activity. These observations indicate that MoaC residues K51, D128, and K131 are important for the in vivo synthesis of Moco. The excellent agreement in the results from our three distinct assays indicates that the MoaC residues selected for substitution are critical for the catalytic function of MoaC in vitro and in vivo. The results also clearly demonstrate the physiological relevance of 3′,8-cH 2 GTP as the substrate of MoaC.
Structural Determination of MoaC in Complex with 3′,8-cH 2 GTP.
To obtain structural insight into the MoaC catalytic mechanism, the K51A-MoaC variant, which exhibited significantly reduced k cat without apparent perturbation in K m , was used to solve the structure of the MoaC-3′,8-cH 2 GTP complex. K51A-MoaC was crystallized without bound substrate, and the crystals were incubated with purified 3′,8-cH 2 GTP. The resulting K51A-MoaC structure revealed a trimer of homodimers ( Fig. 2A; 1 .78 Å resolution, R work /R free = 17.4%/19.4%, PDB ID code 4PYA; Table S1 ). Although the overall oligomeric state was similar to the previously reported WT apo MoaC structure (12) , data from the soaked crystals revealed clear electron density surrounded by five conserved amino acid residues (H77, E112, E114, D128, and K131; Fig. 2B ). Importantly, all these residues were shown in the above-described assays to be essential for the in vitro and in vivo catalytic activity of MoaC (Fig. 1 E-G) , suggesting that the 3′,8-cH 2 GTP binding pocket is likely the active site of MoaC. Indeed, the observed electron density in the pocket is well fit by 3′,8-cH 2 GTP (Fig. 2D) : No significant discrepancy between the model and the electron density, nor clashes of the model with surrounding residues, were observed (Fig. S5) . Moreover, the modeled 3′,8-cH 2 GTP makes H-bonding interactions with surrounding conserved and catalytically essential amino acids (Fig.  2B) . The presence of 3′,8-cH 2 GTP in the crystals was also confirmed by HPLC analysis of the crystals following data collection (Fig. S6 ). All these observations suggest the ligand to be 3′,8-cH 2 GTP.
When other structures previously proposed as the MoaA product were modeled into the electron density, none provided a reasonable fit. In particular, attempts to model pyranopterin triphosphate resulted in significant deviations, and much of the electron density could not be explained by this model (Fig. S5) . Specifically, whereas the aminopyrimidinone moiety of pyranopterin triphosphate can be fit to the density and anchored by the H bonds from the E114 side chain, the remainder of the electron density does not accommodate the third ring whatsoever. These crystallographic observations, in combination with the results of the in situ 13 C NMR experiments and in vivo and in vitro assays (Fig. 1) , support 3′,8-cH 2 GTP as the likely physiologically relevant substrate of MoaC.
Structural Determination of MoaC in Complex with cPMP. The MoaC structure was also solved in complex with the product, cPMP ( Fig. 2C; PDB ID code 4PYD) . In this structure, electron density corresponding to cPMP (Fig. 2E) was located in the same pocket as that which binds 3′,8-cH 2 GTP (Fig. 2C) . Moreover, the orientation of the pyrimidinone ring was identical to that of 3′,8-cH 2 GTP (compare Fig. 2 B and C) . These observations further support that this pocket is the MoaC active site. Although the overall oligomeric structures of the WT-MoaC•cPMP and K51A-MoaC•3′,8-cH 2 GTP complexes are essentially identical, significant differences were observed around their active sites (Fig. 3) . In the K51A-MoaC•3′,8-cH 2 GTP structure (Fig. 3A) , loop 3 points away from the active site and the N-terminal loop is disordered. By contrast, in the WT-MoaC•cPMP complex (Fig.  3B) , loop 3 points toward the active site, and the N-terminal loop folds and closes off the edge of the active site. These observations suggest that these loops may undergo significant conformational changes (Fig. 3C ) during catalysis to account for the structural alterations in the reaction intermediate and to control the accessibility of the catalytically essential K51 to the substrate or reaction intermediate.
Entrapment of a Reaction Intermediate by Using Active-Site Variants.
To obtain further mechanistic insight in MoaC catalysis, we analyzed the active-site variants of MoaC for their potential accumulation of reaction intermediates. In this analysis, MoaC variants were incubated with 3′,8-cH 2 GTP and the resulting product(s) were analyzed by HPLC under strictly anaerobic conditions. Consistent with the aforementioned assay results, these variants did not generate detectable amounts of cPMP (<1% of that observed in the WT-MoaC reaction; Fig. 4A, traces 1-6 and  8) . Instead, when K131A-and K51A-MoaC were used, a unique peak (Intermediate X; Fig. 4A , traces 1 and 6) was formed with concomitant loss of 3′,8-cH 2 GTP. Intermediate X exhibited a molecular mass 18 Da larger than 3′,8-cH 2 GTP, and a UV-vis absorption spectrum with a λ max at 272 nm and a shoulder at 290 nm, distinct from either 3′,8-cH 2 GTP (10) or cPMP (3) (Fig.  S7 A and B) . The comparison of the UV-vis absorption spectra with known compounds (Fig. S7A ) in addition to analysis by chemical derivatization (Fig. S7C) suggested that Intermediate X has an acid-labile triaminopyrimidinone base and not a pterin structure. Notably, when Intermediate X was separated from the proteins, and incubated with WT-MoaC, the formation of cPMP with concomitant loss of Intermediate X was observed (Fig. 4A,  trace 9 ). These observations suggest that Intermediate X is the onpathway reaction intermediate of the MoaC-catalyzed conversion of 3′,8-cH 2 GTP to cPMP (see Discussion for the possible structures of Intermediate X). The accumulation of the same Intermediate X in the two MoaC variants may also suggest that K131 and K51 act together as a general acid/base catalyst pair and, hence, both are essential for the transformation of Intermediate X to cPMP.
Discussion
Our results provide comprehensive enzymological and structural insight into the molecular mechanism of pyranopterin ring formation in Moco biosynthesis. First, our in situ 13 C NMR, chemical, and enzymological characterization of the MoaA product provide strong support that 3′,8-cH 2 GTP is the only product relevant to Moco biosynthesis. Subsequent structural and functional characterization of MoaC reveals that 3′,8-cH 2 GTP binds to a conserved pocket and forms extensive H-bonding interactions with catalytically essential amino acid residues. Furthermore, cPMP binds in the same pocket with a comparable orientation. These observations all support 3′,8-cH 2 GTP as the physiologically relevant substrate of MoaC. Based on these observations, we propose that MoaA and MoaC now be designated as GTP 3′,8-cyclase and cPMP synthase, respectively.
The crystal structures of MoaC in complex with 3′,8-cH 2 GTP and cPMP revealed significant conformational differences of loops adjacent to the active-site: Loop 3 containing the catalytically essential K51 and the N-terminal loop interacting with the catalytically essential H77 both change their conformation depending on the bound ligand. Furthermore, the K51A-and K131A-MoaC variants were found to accumulate the on-pathway reaction intermediate X. The combined structural and enzymological evidence suggest that MoaC catalyzes the complex rearrangement of 3′,8-cH 2 GTP to cPMP by using conformationally flexible loops as a mechanism to account for the structural change in the reaction intermediates (Fig. 4C ). In this model, 3′,8-cH 2 GTP binds to MoaC with loop 3 and the N-terminal loop in the open conformation (step I). This conformation is capable of converting 3′,8-cH 2 GTP to Intermediate X (step II). Intermediate X is likely less bulky than 3′,8-cH 2 GTP around D128, allowing loop 3 closure and incorporation of K51 into the active site (step III). Therefore, we propose that loop 3 serves as a sensor to detect the formation of Intermediate X and triggers the subsequent transformation. Loop 3 closure will also induce folding of the N-terminal loop because these loops make extensive interactions (Fig. 3B) . Because the N-terminal loop competes with the triphosphate moiety for the binding site (H77), the folding of the N-terminal loop should accompany the relocation of the triphosphate moiety and facilitate cyclic phosphate formation (step IV). Therefore, the conformational dynamics of the loops are likely the key determinants in directing the complicated and multistep rearrangement of 3′,8-cH 2 GTP into cPMP. This conformational gating model aligns with the possible chemical mechanism of MoaC catalysis (Fig. 5 ). In this model, MoaC initiates the catalysis by cleaving the C8-N9 bond by stabilizing the anionic charge on O6 via H-bonding interactions with the amide NH of E112 and M113. The resulting imine intermediate will be hydrolyzed (mechanism A) or cleaved at the C2′-C3′ bond (mechanism B). Mechanism A is based on the general susceptibility of an aminal functional group to acid hydrolysis (10) , and the solvent exposure of C8 in the K51A-MoaC•3′,8-cH 2 GTP complex crystal structure. In this mechanism, Intermediate X is a nucleotide with an aldehyde functionality at the 3′ position. This intermediate would be less bulky around 2′-OH compared with 3′,8-cH 2 GTP, allowing the incorporation of K51 into the active site and the closure of loop 3. The presence of K51 in the active site is essential for the subsequent ring expansion reaction by retroaldolaldol rearrangement to yield the hexose intermediate. Mechanism B is based on the presence of D128 in H-bonding distance from 2′-OH and the absence of Intermediate X accumulation in the D128A-MoaC reaction. In this mechanism, Intermediate X is a nucleotide without the C2′-C3′ bond, which leaves significant flexibility around D128, and allows loop 3 closure and incorporation of K51. Subsequent aldol condensation would yield the common hexose intermediate. The conversion of the hexose intermediate to cPMP is common to both mechanisms and proceeds via the concerted formation of the pyranopterin and the cyclic phosphate rings. This reaction is likely facilitated by the folding of the N-terminal loop, induced by the closure of loop 3. The N-terminal loop competes with the triphosphate moiety for interaction with H77. Thus, its folding would induce the relocation of the triphosphate moiety and subsequent cyclization reactions. Therefore, the chemical reaction catalyzed by MoaC is likely coupled to the dynamic motions of the activesite loops.
In conclusion, our enzymological and structural characterizations provided strong evidence for the physiological functions of MoaA (GTP 3′,8-cyclase) and MoaC (cPMP synthase). The structure guided mechanistic studies of MoaC revealed the importance of conformational changes within the MoaC active-site during catalysis. Considering the strict conservation of the MoaC catalytic residues identified in this study, the function and mechanism used by MoaC homologs are likely conserved among all kingdoms of life, from bacteria to humans.
Materials and Methods

S. aureus
MoaA and E. coli MoaC (WT and variants) were expressed and purified as described in SI Materials and Methods. MoaC variants were prepared by site-directed mutagenesis using the primers in Table S2 . MoaA and MoaC activity assays and the product analyses were carried out as described (10) . The in situ 13 C NMR characterization of MoaA products was performed by using [U- 13 C]GTP (Sigma-Aldrich) as a substrate under strict anaerobic conditions. The in vivo characterization of MoaC was performed by using E. coli ΔmoaC with a pBAD plasmid harboring WT or variants of MoaC. WT-and K51A-MoaC were crystallized by using the vapor-diffusion technique, and the ligands were introduced by the soaking method. The crystal structures were solved by using molecular replacement using the apo E. coli MoaC structures as a search model (PDB ID code: 1EKR). The details for all of the experimental protocols can be found in SI Materials and Methods.
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